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out	differently	 in	different	populations	or	 to	 study‐specific	variation	 in	 the	age	at	
which	subjects	were	measured.
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One	 mechanism	 by	 which	 development	 can	 affect	 fitness	 is	
through	 telomere	 shortening	 (Heidinger	 et	 al.,	 2012).	 Telomeres	
are	long,	repetitive,	noncoding	sequences	of	DNA	that	cap	and	pro‐
tect	the	ends	of	chromosomes	(Blackburn,	2000).	As	chromosomes	
shorten	 with	 each	 replication,	 there	 is	 a	 danger	 that	 important	
genetic	 information	will	be	 lost	 (Levy,	Allsopp,	Futcher,	Greider,	&	
Harley,	1992).	Telomeres	protect	coding	and	structural	DNA	from	
degradation	by	bearing	the	brunt	of	chromosome	shortening,	leav‐
ing	 interior	 DNA	 sequences	 intact	 (Levy	 et	 al.,	 1992).	 Telomeres	
also	 prevent	 the	 DNA	 repair	 mechanism	 from	 falsely	 identifying	
chromosome	ends	as	double‐stranded	breaks	(Nugent	et	al.,	1998).	
When	 telomere	 length	 (TL)	 shortens	 beyond	 a	 certain	 threshold,	
the	cell	becomes	senescent,	starting	a	cascade	that	can	lead	to	cell	
death,	reduced	organ	function,	and	death	of	the	individual	(Campisi,	
2005).	 Because	 short	 telomeres	 trigger	 this	 deleterious	 cascade,	




2013).	 In	addition	 to	 the	per‐replication	shortening	of	TL	 (Levy	et	
al.,	1992),	stress	(Epel	et	al.,	2004)	and	oxidative	damage	(Saretzki	
&	 Von	 Zglinicki,	 2002)	 can	 hasten	 this	 process.	 In	 fact,	many	 as‐
pects	 of	 physiology	 are	 either	 directly	 or	 indirectly	 connected	 to	
telomere	 attrition,	 making	 TL	 a	 complex	 trait	 (Gatbonton	 et	 al.,	
2006;	Haussmann	&	Marchetto,	2010).	TL	measured	early	in	life	can	
be	a	better	predictor	of	 fitness	 than	can	TL	measured	 in	 later	 life	
(Heidinger	 et	 al.,	 2012).	 Thus,	 studying	 the	 causes	 of	 variation	 in	
early‐life	 TL	will	 help	 us	 understand	 how	 TL	 can	mediate	 the	 ef‐
fect	of	developmental	conditions	on	later	performance	and	fitness	
(Watson	et	al.,	2015).
Early‐life	 stress	 (Geiger	 et	 al.,	 2012),	 an	 individual's	 sex	
(Foote	et	al.,	2011;	Nicky	et	al.,	2017)	and	the	age	(Arbeev,	Hunt,	




sex	 seems	 to	 play	 a	 key	 role	 in	 telomere	 dynamics	 and	 inheri‐
tance,	 the	 direction	 of	 the	 effect	 varies	 (Barrett	 &	 Richardson,	
2011;	Broer	et	al.,	2013;	Nordfjäll,	Svenson,	Norrback,	Adolfsson,	
&	Roos,	 2009;	 Reichert,	 Rojas,	 et	 al.,	 2015;	Nicky	 et	 al.,	 2017).	
The	 same	 is	 the	 case	with	parental	 age	and	chick	TL—while	 the	
relationship	between	paternal	age	and	the	TL	of	offspring	is	well	
established	in	humans,	 in	animals	there	seems	to	be	much	more	
variation	 (Arbeev	 et	 al.,	 2011;	 Asghar,	 Bensch,	 Tarka,	 Hansson,	
&	Hasselquist,	 2015;	Broer	 et	 al.,	 2013;	De	Meyer	 et	 al.,	 2007;	










tain	 longer	 telomeres	 throughout	 their	 lives,	 especially	 in	 harsh	
environments.	However,	the	ability	of	natural	selection	to	act	on	
TL	depends	on	 the	extent	 to	which	TL	 is	heritable.	Estimates	of	
TL	 heritability	 (h2)	 range	 from	0.30	 to	 1.28	 (Atema	 et	 al.,	 2015;	
Dugdale	Hannah	&	Richardson	David,	 2018;	 note	 that	h2	 values	
greater	than	one	are	possible	if	h2	 is	estimated	by	regressing	the	
offspring	trait	value	on	that	of	a	single	parent	and	multiplying	by	












In	 this	 study,	 we	 tried	 to	 determine	 what	 factors	 predict	 TL	
in	 nestling	Tree	 Swallows	 (Tachycineta bicolor).	We	 cross‐fostered	
nestlings	 to	 generate	 a	 range	 of	 genetic	 relationships	 between	
nestlings	 reared	 in	 the	 same	 environment,	 and	 we	 manipulated	
brood	sizes	to	generate	two	developmental	contexts	experienced	
by	these	nestlings.	Thus,	we	were	able	to	see	how	early‐life	TL	 is	
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2  | METHODS








terminants	of	Tree	Swallow	TL	 in	 early	 life.	 The	 full	 details	 of	 the	
experimental	manipulation	have	been	published	before	 (Belmaker,	




During	 the	 breeding	 seasons	 of	 2012–2014,	 we	 cross‐fos‐
tered	 and	manipulated	 the	brood	 sizes	of	Tree	Swallows	breeding	












of	 each	 individual	 (i.e.,	 we	 assumed	 that	 the	 individual	 had	 been	
one	[male]	or	two	[female]	years	old	during	the	first	capture	event;	
Hussell,	1983).	Lastly,	a	blood	sample	was	taken	from	the	brachial	





















of	12	days	because	after	 that	 the	 risk	of	premature	 fledging	 rises	
substantially.	All	morphometric	measures	were	then	combined	into	
one	 size	measure,	 using	 a	 principle	 component	 analysis.	 The	 first	
principle	 component	was	 used	 as	 our	 size	measure	 and	 explained	
97%	of	the	variance.	All	chicks	that	survived	to	day	12	were	banded,	
























DNA	(Qiagen).	 In	short,	RBCs	were	 lysed	for	at	 least	an	hour	with	
proteinase	K	at	37°C.	Proteins	were	precipitated	out,	and	DNA	was	
extracted	 using	 an	 isopropanol–ethanol	 extraction.	DNA	 integrity	
was	checked	on	a	0.8%	agarose	gel	made	with	1×	TAE	run	for	1	hr	F I G U R E  1  The	Tree	Swallow	(Tachycineta bicolor)









Swallow	 blood.	 The	 gel	 was	 then	 dried	 and	 hybridized	 overnight	























































TA B L E  1  The	correlation	coefficients	(r)	between	12	metrics	from	the	TL	distribution:	mean	TL,	skew,	kurtosis,	and	the	10th	to	90th	
percentiles	(P10	to	P90,	respectively)
 Mean Skew Kurtosis P10 P20 P30 P40 P50 P60 P70 P80 P90
PC1	loadings 0.25 −0.08 −0.49 0.08 0.14 0.18 0.21 0.24 0.27 0.31 0.37 0.49
Mean 1            
Skew −0.88 1           
Kurtosis −0.84 0.95 1          
P10 0.72 −0.44 −0.33 1         
P20 0.87 −0.63 −0.52 0.95 1        
P30 0.92 −0.72 −0.61 0.88 0.99 1       
P40 0.95 −0.79 −0.68 0.83 0.96 0.99 1      
P50 0.97 −0.83 −0.74 0.78 0.93 0.98 0.99 1     
P60 0.98 −0.87 −0.79 0.74 0.89 0.95 0.98 0.99 1    
P70 0.99 −0.91 −0.84 0.68 0.85 0.91 0.95 0.97 0.99 1   
P80 0.98 −0.93 −0.9 0.61 0.77 0.84 0.89 0.93 0.96 0.99 1  
P90 0.92 −0.9 −0.94 0.46 0.63 0.71 0.76 0.81 0.86 0.9 0.96 1
Note:	In	all	cases,	p	<	0.001.	The	gray	row	shows	the	PCA	loadings	for	PC1,	which	explained	88.5%	of	the	variation	and	was	thus	the	only	PC	used	in	
the	analyses	for	this	paper.




















2.3.1 | Treatment effect on chick size and mortality
To	test	the	effects	of	the	experimental	manipulation	on	the	size	of	







obtained	using	 a	 likelihood	 ration	 test	 calculated	by	 the	 “ANOVA”	
function	in	R.
2.3.2 | The heritability of TL
We	estimated	the	heritability	of	TL	using	a	mid‐parent/offspring	re‐







2.3.3 | The determinants of TL (Main model)
We	estimated	the	effects	of	experimental	group	(fixed	effect	with	




of	 additive	 genetic	 and	 environmental	 factors,	 respectively,	 on	
nestling	TL.	To	 test	growth	per	se	as	a	mechanism	by	which	 the	
treatment	 could	 affect	 TL,	we	 added	nestling	 size	 at	 12	days	 of	
age	as	a	fixed	effect	 (continuous	covariate).	We	also	added	each	
chick's	mass	 rank	 (continuous	 covariate),	 as	 it	might	 be	 a	 better	
predictor	 of	 chick	 TL	 than	 growth	 (Nettle	 et	 al.,	 2015).	 To	 test	
whether	parental	 age	predicts	 chick	TL,	we	 added	 the	minimum	
age	of	both	genetic	parents	into	the	full	model	(continuous	covari‐




can	 be	 correlated,	we	 added	natal	 and	 rearing	 boxes	 as	 random	






To	 simplify	 this	 full	model,	we	 calculated	 the	AICc	 (Akaike	 in‐
formation	 criterion	 corrected	 for	 small‐sample	 sizes)	 for	 all	 pos‐












between	 chicks	 from	 enlarged	 and	 control	 broods	 (control	 chick	
size	[PC1]:	n	=	191,	−15.18	±	1.14	[Mean	±	SD];	size	of	chicks	in	en‐
larged	broods	[PC1]:	n	=	225,	−15.29	±	1.01;	t88.75	=	0.12,	p = 0.90; 
Figure	2a).	Chicks	growing	up	in	enlarged	broods	grew	more	slowly	
than	 chicks	 in	 control	 broods,	 and	 size	 differences	between	 them	
grew	with	 each	 subsequent	measurement	 (Figure	 2a).	 In	 addition,	
chicks	in	enlarged	broods	were	less	likely	to	fledge	(GLMM	with	bi‐
nomial	family:	n	=	416,	β	±	SD	=	−4.89	±	1.27,	,	p	<	0.001;	Figures	2b).
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within‐pair	 offspring	 also	 produced	 a	 high	 estimate	 of	h2	 (n	 =	 37,	
β	=	0.78	±	0.19,	F35	=	16.18,	p	<	0.001).
3.2 | The determinants of TL (Main model)
After	 removing	 missing	 values,	 sample	 size	 for	 all	 models	 in	 this	
analysis	was	119	chicks	in	total.	Fitting	the	set	of	all	possible	models	
shows	12	models	to	be	within	2	AICc	units	of	the	best	model	(ΔAICc	
<2;	 Table	 2).	 In	 the	 averaged	model,	maternal	 TL	 is	 the	 strongest	
predictor	of	chick	TL,	appearing	in	all	12	models	and	being	the	only	













enlargement,	 parental	 age,	 and	 chick	 sex	 or	 size	 on	 chick	TL.	 The	



















p =  0.905
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How	 do	 these	 results	 compare	 with	 what	 is	 already	 known	
about	early‐life	TL?	For	each	of	 the	metrics	we	measured	 to	ex‐
plain	 chick	TL,	 a	wide	 range	of	patterns	 is	observed	 in	 the	 liter‐
ature:	 First,	 past	 experiments	 with	 group	 enlargements	 either	
succeed	 (Nettle	 et	 al.,	 2015)	 or	 fail	 (Reichert,	 Criscuolo,	 et	 al.,	
2015;	Voillemot	et	al.,	2012)	 to	show	an	effect	of	 the	treatment	
on	chick	TL.	Here,	we	find	only	a	very	weak	effect	of	 the	brood	
enlargement	and	chick	 size.	Second,	even	 though	a	parental	 age	
effect	on	chick	TL	 is	often	 found,	across	species	 there	seems	 to	
be	variation	 in	how	parental	age	affects	TL	 (Arbeev	et	al.,	2011;	









male	 or	 female	 biased)	 varies	 across	 studies	 (Broer	 et	 al.,	 2013;	
Eisenberg,	2014;	Nawrot	et	al.,	2004;	Olsson	et	al.,	2011).	In	our	




Component factors df logLik AICc ΔAICc Weight
Maternal	TL 
Chick	size	at	day	12




8 −297.26 611.83 0.32 0.12
Paternal	TL 
Maternal	TL




8 −297.31 611.93 0.43 0.11
Experimental	group 
Maternal	TL




8 −297.61 612.53 1.03 0.08





















8 −298.05 613.41 1.91 0.05
Note:	All	12	models	have	ΔAICc	<2	from	the	model	with	the	lowest	AICc	and	were	subsequently	
averaged.
TA B L E  2  The	subset	of	12	models	that	
received	the	lowest	AICc	value	from	all	
possible	models
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One	potential	solution	is	to	remember	that	TL	is	a	dynamic	and	







Alternatively,	 the	 timing	of	measurement	 of	 both	 adults	 and	
offspring	 can	 create	 many	 contrasting	 patterns.	 For	 example,	
in	 this	 study	 chicks	were	 sampled	 once,	 at	 12	 days	 of	 age.	 It	 is	
possible	 that	 this	affected	the	results	 in	a	couple	of	ways.	First,	
as	 chicks	 that	 died	 before	 reaching	 this	 age	were	 not	 sampled,	
possibly	short‐telomere,	low‐quality	chicks	that	did	not	survive	to	
be	sampled	were	overrepresented	among	dead	chicks	(Heidinger	






would	 have	 completed	most	 of	 their	 growth	 by	 12	 days	 of	 age	
(Winkler	&	Adler,	 1996).	Had	we	measured	 the	 chicks	 closer	 to	
fledging,	or	even	postfledging,	 it	 is	possible	 that	we	would	have	
observed	 a	 larger	 difference	 between	 the	 experimental	 groups.	
Twelve	days	of	elevated	competition	during	the	most	active	phase	
of	 chick	 growth	may	 (Nettle	 et	 al.,	 2015)	 or	may	 not	 (Reichert,	
Criscuolo,	 et	 al.,	 2015;	 Voillemot	 et	 al.,	 2012)	 be	 enough	 to	 in‐




that	 12	 days	 of	 a	 brood	 enlargement	 is	 not	 sufficient	 to	 induce	
much	variation	in	TL.
 Estimate SE Adjusted SE Z value Pr(>|z|)
Full average      
Intercept −0.11 1.43 1.44 0.08 0.94
Maternal	TL 0.57 0.14 0.14 3.97 <0.001
Chick	size 0.04 0.04 0.04 0.84 0.40
Experimental	group −0.34 0.60 0.60 0.57 0.57
Paternal	TL 0.09 0.14 0.14 0.64 0.52
Paternal	age 0.05 0.17 0.17 0.30 0.77
Mass	rank 0.01 0.06 0.06 0.17 0.87
Maternal	age 0.01 0.11 0.11 0.12 0.90
Conditional	average      
Intercept −0.11 1.43 1.44 0.08 0.94
Maternal	TL 0.57 0.14 0.14 3.97 <0.001
Chick	size 0.06 0.04 0.04 1.64 0.10
Experimental	group −0.91 0.66 0.67 1.35 0.18
Paternal	TL 0.23 0.14 0.14 1.69 0.09
Paternal	age 0.35 0.30 0.30 1.17 0.24
Mass	rank 0.15 0.17 0.17 0.86 0.39




TA B L E  3  The	averaged	coefficients	
for	seven	fixed	effects	from	12	models	
included	in	the	analysis




Maternal ageMaternal TL Chick size Paternal TL Experimental group Paternal age Mass rank
Importance 1 0.57 0.39 0.38 0.14 0.06 0.05
N	containing	
models
12 7 4 5 2 1 1
Note:	These	are	based	on	an	average	model—of	the	list	of	all	possible	models,	all	the	models	with	the	lowest	AICc	score	and	within	a	range	of	2	
(∆AICc	<	2)	were	averaged.
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Another	explanation	for	the	high	degree	of	variation	in	TL	effects	
across	studies	is	a	potential	interaction	between	parental	TL	effects	
(heritability)	 and	 parental	 age	 effects.	 Before	 development	 starts,	








ase	 activity	 in	 the	 germ	 line	 of	 adult	 birds	 (Haussmann,	Winkler,	
Huntington,	Nisbet,	&	Vleck,	2004;	Haussmann	et	al.,	2007),	a	re‐
duction	 in	sperm	quality	with	age	 (Ferlin	et	al.,	2013;	Rocca	et	al.,	
2016;	 Waeleghem,	 Clercq,	 Vermeulen,	 Schoonjans,	 &	 Comhaire,	
1996),	TL‐based	 selective	 stem	cell	 turnover	 (Kimura	et	 al.,	 2008),	
and	 stochastic	 processes	 during	 sperm	 maturation	 that	 increase	
variability	in	sperm	TL	as	the	individual	ages	(De	Meyer	&	Eisenberg,	
2015)	 could	 all	 increase	 the	 variability	 of	 TL	 in	 the	 gametes	 from	
which	 the	zygote	 is	 formed	 (De	Meyer	&	Eisenberg,	2015).	Small‐
sample	random	sampling	from	this	distribution	could	produce	many	
possible	patterns	of	parental	age	effects.






the	 parents	 (Hjelmborg	 et	 al.,	 2015).	 These	 mechanisms	 could	
be	 anything	 from	 systems	 that	 deal	 with	 environmental	 stress	





in	 the	 base	 telomere	 sequence	 and	 the	 telomere‐maintenance	
mechanisms	can	help	produce	correlations	between	parents	and	
offspring.	If	we	were	to	measure	TL	in	chicks	soon	after	hatching,	




have	had	a	 chance	 to	decrease	 the	chick's	TL,	 and	 inborn	 repair	
mechanisms	 can	 act	 on	 any	 such	 erosion.	 Thus,	 as	 chicks	 age,	
the	stochastic	nature	of	environmental	challenges,	together	with	
genetic	 variation	 in	 the	 effectiveness	of	 repair	mechanisms,	 can	
present	many	 avenues	 to	 reduce	 the	 similarity	 between	parents	
and	offspring.	A	study	in	King	Penguins	(Aptenodytes patagonicus)	
shows	this	exact	pattern:	TL	was	found	to	be	maternally	inherited	




life	 stages	 where	 the	 relative	 importance	 and	 histories	 of	 envi‐
ronmental	stressors	and	inherited	influences	may	differ.	Because	
both	 the	 initial	 telomere	 sequence	 and	 the	mechanisms	 of	 telo‐
mere	repair	are	inherited,	a	correlation	between	parents	and	off‐
spring	might	be	expected	at	any	combination	of	their	relative	ages,	
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